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Potato spindle tuber viroid (PSTVd) is believed to undergo a series of specific structural transitions during replication.
The variable domain of PSTVd is known to contain sequences that are important for replication/accumulation as well as
one of three ‘‘premelting regions’’ which control breakdown of the native structure in vitro. We have examined the structural
and biological effects of five single and two double nucleotide substitutions within premelting region 3 in an effort to isolate
temperature-sensitive mutations affecting PSTVd replication or pathogenesis. None of these mutants replicated as rapidly
as the wild type, and a variety of spontaneous sequence changes were detected in their progeny. Higher temperatures
were able to partially overcome the inhibition of replication associated with a more stable secondary structure, but no well-
defined temperature-sensitive PSTVd mutants were identified. Selective pressures arising from the interaction of assay
temperature and structural stability in vivo appear capable of moving PSTVd populations between peaks of relatively high
fitness. Depending on the exact nature and location of the mutation, selection may occur at the level of either the plus or
the minus strand. q 1996 Academic Press, Inc.
INTRODUCTION are relatively unstable, thereby creating a series of three
‘‘premelting (PM) regions’’ located within its pathogenicity
Viroids—small, single-stranded circular RNAs con- domain, conserved central region, and variable domain
taining 246–463 nucleotides arranged in a rod-like sec- (Steger et al., 1984). As temperature increases in vitro,
ondary structure—are the smallest pathogenic agents base pairing within PM 1–3 breaks down, and certain
yet described. Despite the absence of both a protein alternative structural interactions known as secondary
capsid and detectable messenger RNA activity, viroids hairpins I–III form.
are able to replicate autonomously following inoculation
Formation of secondary hairpin II requires the dis-
of susceptible plant hosts (reviewed by Diener, 1987 and
ruption of base pairing within both the pathogenicitySemancik, 1987). The information necessary for replica-
and variable domains, and its role in PSTVd replicationtion and pathogenesis resides within the unusual rod-
has been the subject of detailed mutational analysis.like structure of their RNA genomes, and in the case of
Although mutations in the peripheral regions of sec-potato spindle tuber (PSTVd) and related viroids this so-
ondary hairpin II are stably maintained, mutations incalled ‘‘native’’ structure is believed to undergo a series
its ‘‘central core’’ rapidly revert to wild type (Loss et al.,of specific structural transitions during the course of in-
1991). Qu et al. (1993) have examined the time coursefection (reviewed by Riesner, 1990).
of reversion as well as the pattern of sequence varia-Comparative sequence analysis suggests that all vir-
tion during reversion for several unstable single andoids except avocado sunblotch viroid contain five struc-
double mutations in the stem of secondary hairpin II.tural domains (Keese and Symons, 1985). Physico –
Formation of a metastable structure containing sec-chemical studies of purified viroids (e.g., PSTVd) indicate
ondary hairpin II appears to be essential for infectivity,that these structural domains—a conserved central re-
possibly by controlling the ability of the (0)PSTVd RNAgion, flanking pathogenicity and variable domains, and
present in replicative intermediates to serve as a tem-two terminal loops—are also thermodynamically func-
plate for synthesis of progeny plus strands.tional domains which are responsible for their unique
The role of the rod-like native structure in modulatingstructural properties (reviewed by Riesner, 1990 and
PSTVd replication and pathogenicity is unclear. Muta-1991). Certain portions of the native structure of PSTVd
tional analysis within the pathogenicity domain has
shown that mutations which stabilize PM 1 lead to a
reduction in the rate of PSTVd replication/accumulation1 Present address: Center for Engineering Plants for Resistance
Against Pathogens (CEPRAP), University of California, Davis, CA 95616. (Owens et al., 1995). Sequences near the border between
2 Author to whom correspondence and reprint requests should be the variable domain and right terminal loop also play anaddressed at Room 252, Bldg. 011A, Beltsville Agricultural Research
important role in viroid replication (Visvader and Symons,Center, Beltsville, MD 20705. Fax: (301) 504-5449. E-mail: rowens@asrr.-
arsusda.gov. 1986; Sano et al., 1992), and a single A r G substitution
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within the variable domain of PSTVd is sufficient to mately 1 mg PSTVd RNA in 10 ml 20 mM Na phosphate
(pH 7.0). Inoculated plants were kept in a greenhousegreatly reduce/abolish infectivity (Owens et al., 1991).
The single G:C base pair created by this mutation dra- under conditions suitable for viroid replication and dis-
ease symptom development, and 3 and 6 weeks later,matically stabilizes not only PM 3 but also the entire rod-
like native structure of PSTVd by inhibiting the formation tissue samples from the uppermost leaves of individual
plants were assayed for the presence of progeny by mo-of secondary hairpin II.
These results suggested that it might be possible to lecular hybridization.
Quantitative bioassays comparing the pathogenicity ofdesign a series of mutations having predictable struc-
tural and biological effects; in particular, one or more selected mutants were carried out as described (Sano
et al., 1992; Owens et al., 1995). The concentration oftemperature-sensitive mutations would be very useful for
detailed studies of viroid replication and pathogenesis. PSTVd in the low-molecular-weight RNA preparations
used as inocula was estimated by dot-blot hybridizationWe have introduced a series of single and double muta-
tions into variable domain of PSTVd, monitoring their using known amounts of purified PSTVd RNA transcripts
as standards. One hundred microliters of appropriatelystructural effects by temperature gradient gel electropho-
resis (TGGE) of circularized (/)PSTVd RNA transcripts. diluted inocula containing 0.4 ng of PSTVd per 10 ml of
20 mM Na phosphate (pH 7.0) were used to inoculateTheir ability to confer a temperature-dependent pheno-
type upon viroid replication was assessed in a series of each group of 10 tomato seedlings, and inoculated plants
were maintained in the greenhouse. Progeny accumula-bioassays carried out under controlled conditions.
tion was monitored by quantitative dot-blot hybridization
using pooled samples of leaf discs (4 mm) collected 2,MATERIALS AND METHODS
4, and 6 weeks postinfection (p.i.).
Viroid strains and cDNA mutagenesis
Sequence analysis of viroid progenyThree naturally occurring isolates of PSTVd were in-
cluded in quantitative comparisons of disease symptom Nucleotide sequences of the PSTVd progeny were de-
expression. Nucleotide sequences of the intermediate termined from enzymatically amplified viroid cDNAs es-
(Gross et al., 1978), mild (Schno¨lzer et al., 1985), and sentially as described by Owens et al. (1995). Two pairs
severe (i.e., M3/M1; Hammond, 1992) strains of PSTVd of primers—RAO33 (5*-GCCGGTACCAGTTCGCTCC-
have been published elsewhere. Cress et al. (1983) have AGGTTTCCCC-3*, complementary to positions 116– 95)
described the construction of a full-length (359-nt) PSTVd plus RAO2 (5*-GCGGATCCGGTGGAAACAACTGAAGC-
cDNA whose BamHI termini are derived from the upper 3*, positions 263–282) and RAO34 (5*-GCCGTACCA-
portion of the central conserved region of the intermedi- AGGGCTAAACACCCTCGCCC-3*, complementary to po-
ate strain. When cloned in the BamHI site of plasmid sitions 342–320) plus RAO14(5-*AGGGATCCCCGGGGA-
pSP64, this PSTVd cDNA is flanked by an 11-nucleotide AACC-3*, positions 85–103)—were used to amplify
sequence duplication (i.e., GGATCCCCGGG) that has cDNAs derived from, respectively, the left and right sides
been shown to greatly stimulate infectivity (Tabler and of the molecule. The non-PSTVd sequences at the 5*-
Sa¨nger, 1984). termini of primers RAO2, 33, and 34 (underlined) were
As described by Owens et al. (1995), single and double added to create restriction sites (i.e., BamHI or KpnI) that
nucleotide substitutions were introduced into the vari- would facilitate possible cloning of the PCR products.
able domain of PSTVd-intermediate via the polymerase Sequence analysis of the resulting double-stranded PCR
chain reaction (PCR) using an overlap extension strategy products was carried out either manually using the fmol
(Ho et al., 1989) with pST64-B5 DNA as template. PSTVd protocol (Promega) with 5*-32P-labeled RAO2 or RAO14
cDNAs containing the desired site-specific nucleotide as sequencing primers or automatically using a Model
substitution(s) were identified by PCR-mediated se- 373 automated DNA sequencer and a DyeDeoxy Termi-
quence analysis using either 5*-32P-labeled RAO6 or nator Cycle Sequencing kit (Applied Biosystems).
RAO269 as primer and the fmol DNA sequencing system
(Promega). All cDNA clones were completely sequenced TGGE of circularized PSTVd RNAs
to ensure the absence of unintended mutations.
Nearly full-length BamHI–Eco47III fragments of the
seven mutant PSTVd cDNAs were subcloned into pRZ6-Infectivity studies and quantitative bioassays
2, a derivative of pTZ18R (U.S. Biochemicals) in which a
full-length PSTVd cDNA is flanked by specifically modi-The effects of mutations within the variable domain on
PSTVd infectivity were determined using RNAs tran- fied versions of the hammerhead and paperclip ribo-
zymes from satellite tobacco ringspot virus RNA (P.scribed in vitro as inocula. Prior to transcription, plasmid
DNA templates were linearized with EcoRI. As described Feldstein, unpublished data). Spontaneous self-cleavage
of the corresponding T7 RNA transcripts produces a 359-by Owens et al. (1995), the carborundum-dusted cotyle-
dons of week-old tomato seedlings (Lycopersicon escu- nt linear RNA whose 5*-hydroxyl and 2*3*-cyclic phos-
phate termini are derived from PSTVd nucleotides 88 andlentum L. cv. ‘‘Rutgers’’) were inoculated with approxi-
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87. 32P-labeled PSTVd RNA transcripts were synthesized, PSTVd were synthesized from selected progeny prepara-
tions using primers T7PSTVd-L (5*-TAATACGACTC-purified by polyacrylamide gel electrophoresis (PAGE),
and circularized by incubation with cell-free wheat germ ACTATAGGATCCCCGGGGAAACC-3*, PSTVd positions
88–103) plus PstI-universal (5*-ACACCTGCAGGGTAG-extract as described by Owens et al. (1995). Mixtures of
wild-type and mutant PSTVd RNAs (approximately 40,000 TAGCCGAAGCGA-3*, complementary to PSTVd posi-
tions 247–264). As above, the underlined sequences atcpm each) were analyzed by TGGE in 5% polyacrylamide
gels containing 0.2 1 TBE and 5 mM NaCl, and the the 5*-termini of the primers were added to facilitate
subsequent digestion with BamHI and PstI. After diges-gels were fixed in 10% ethanol–1% acetic acid and dried
before autoradiography. tion, the resulting fragment was cloned between the BglII
and PstI sites of pRZ6-P. The unique PstI site within the
full-length PSTVd cDNA was removed by digestion withReplication of PSTVd mutants under controlled
PstI and elimination of the resulting 3*-overhang by incu-environmental conditions
bation with T4 DNA polymerase. After phenol–chloro-
form extraction, the plasmid DNA was religated and di-Bioassays to determine the effect of temperature on
PSTVd replication were carried out in controlled environ- gested with PstI to eliminate unmodified DNA before
transformation. PSTVd cDNAs from several of the re-ment chambers. Two pairs of constant temperature re-
gimes (i.e., 267/367 and 227/327) were examined, each sulting clones were amplified by PCR using the M13-
forward and -reverse primers. Restoration of the wild-with a 16-hr photoperiod of mixed fluorescent/incandes-
cent lighting (approximately 800-foot candles). One hun- type sequence at PSTVd positions 260–270 was verified
by automated DNA sequence analysis.dred microliters of diluted inocula containing 1 ng of
ribozyme-derived, PAGE-purified PSTVd RNA per 10 ml
of 20 mM Na phosphate buffer (pH 7.0) was used to RESULTS
inoculate each group of 10 tomato seedlings. The seed-
Structural effects of mutations in the variable domain
lings were allowed to adapt to the growth chamber condi-
tions (26 or 227) for 24 hr before inoculation; after inocula- Seven cDNAs containing single or double mutations
within the variable domain of PSTVd-intermediate weretion, seedlings were allowed to remain at the lower tem-
perature for an additional 24 hr before transfer to the constructed for the studies described below. During the
first stage of mutagenesis, single substitutions designedhigher temperature (36 or 327). The replication rate and
in vivo stability of the various progeny were monitored to progressively stabilize the variable domain without
affecting the formation of secondary hairpin II were intro-as described above.
A specialized vector was constructed to clone cDNAs duced at positions 139, 142, and 222. As shown in Fig.
1, the substitutions at positions 139 (mutant 1) and 222derived from the progeny of mutant PSTVd inocula. First,
the paperclip portion of pRZ6-1, a plasmid containing a (mutant 2) were expected to partially close a 3-nt loop
within PM 3. The A r U change at position 142 (mutantpolylinker flanked by specifically modified versions of
the hammerhead and paperclip ribozymes from satellite 3) should close another small loop near the right side
of PM 3, thereby creating an uninterrupted 7-bp helixtobacco ringspot virus RNA (P. Feldstein, unpublished
data), was removed by digestion with ClaI and XbaI. After extending into nearby portions of the variable domain.
Next, the effects of destabilizing PM 3 were tested byfill-in and religation, the plasmid was digested with PstI
and HindIII. Next, a PCR product containing a partial introducing changes at position 140 (mutant 4) or 226
(mutant 5). These two mutants were designed to enlargePSTVd cDNA plus paperclip ribozyme sequences was
amplified from pRZ6-2 using primers PstI-reverse (5*- small interior loops without directly affecting the forma-
tion of secondary hairpin II; in both cases, the expectedCACACCTGCAGGTGGAAACAACTGAAGCTC-3*, comple-
mentary to PSTVd cDNA positions 265–284) plus M13- result is the replacement of a G:C base pair with a less
stable G:U base pair. Finally, two double mutants con-forward (5*-GTAAAACGACGG CCAGT-3*). The non-
PSTVd-related nucleotides at the 5*-terminus of the PstI- taining changes at positions 134 and 227 (mutant 6) or
142 and 218 (mutant 7) were constructed. These changesreverse primer (underlined) were added to facilitate sub-
sequent digestion with PstI. Before the PCR [30 cycles; were designed to shift the position of a 2-nt internal loop
one nucleotide to either the left (mutant 6) or the right947 (1 min), 457 (1 min), 727 (1 min)], the PstI site was
removed from the 3*-end of pRZ6-2 by digestion with (mutant 7) while leaving overall stability nearly un-
changed. The C r U change at position 277 in mutant 6HindIII and SalI followed by fill-in and religation. The
resulting 328-bp PCR product was digested with PstI and should have little effect on the formation of secondary
hairpin II.HindIII and recloned in PstI/HindIII-digested pRZ6-1. The
resulting plasmid which contains a partial PSTVd cDNA The structural effects of each mutation were evaluated
by TGGE of full-length RNA transcripts circularized byflanked by hammerhead and paperclip ribozymes was
designated pRZ6-P. incubation with cell-free wheat germ extract. As a point
of reference, the first TGGE analysis compared the dena-Double-stranded PCR products [30 cycles; 947 (1 min),
507 (2 min), 727 (1 min)] derived from the right side of turation profile of the wild type (i.e., PSTVd-intermediate)
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FIG. 1. Distribution of site-directed mutations within the variable domain of PSTVd. (Top) Lowest free-energy structure for PSTVd intermediate
including the five structural domains proposed by Keese and Symons (1985) together with the locations of secondary hairpins I and II and premelting
(PM) regions 1–3. (Bottom) Structure of the variable domain. Horizontal arrow, location of PM 3; vertical arrows, locations of site-directed mutations
at positions 134, 139, 140, 142, 218, 222, 226, and 227. Nucleotides involved in the formation of secondary hairpin II are underlined.
with that of a nonviable, highly stabilized mutant isolated ited progeny accumulation. Systemic infection in those
plants became detectable only 6 weeks p.i.during an earlier study (Owens et al., 1991). As shown
in Fig. 2A, the single A r G substitution at position 135 The short-term stability of each mutation was moni-
tored by sequence analysis of cDNAs derived from posi-was sufficient to raise the melting temperature (Tm) of
the mutant transcript by ca. 47. Figures 2B–2D illustrate tions 85–332 on the right side of the molecule, and the
results from these analyses are presented in the columnthe less dramatic structural effects associated with the
mutations created specifically for this study. Mutants 1- labeled ‘‘First passage’’ in Table 1. During the first pas-
sage, both of the double mutants (i.e., mutants 6 and 7)3 and 5-7 were, respectively, either more or less stable
than the wild type (compare Figs. 2B and 2D). As shown were stably maintained; the behavior of certain single
substitutions, however, was more complex. Although thein Fig. 2C, mutation 4 (a C r U change at position 140)
had little or no effect on overall stability. For purposes initial changes in mutants 3–5 were stably maintained,
each of the respective progeny also contained an addi-of comparison, the mutants are numbered in order of
decreasing structural stability. Two pairs of mutants— tional substitution. For mutants 3 and 5, the net effect of
these spontaneous changes may be to restore overallmutants 1 and 2 as well as mutants 6 and 70 were
indistinguishable by TGGE. stability to near-wild-type levels. Mutants 1 and 2 rapidly
reverted to the wild type.
Stabilization of the variable domain inhibits PSTVd
replication Long-term stability of sequence changes in the
variable domain
The effect of these mutations on biological activity was
assessed by inoculating tomato seedlings with greater- To assess the long-term stability of sequence changes
in the variable domain, progeny recovered from the initialthan-unit-length RNA transcripts synthesized by SP6 RNA
polymerase. The presence or absence of progeny in the infectivity study were used as inocula for a second bioas-
say. In addition to wild type and the five mutants whichinoculated plants was determined by dot-blot hybridiza-
tion, and leaf tissue was collected from infected plants had shown no obvious tendency toward reversion during
the first bioassay, this assay also included two otherat 3 and 6 weeks p.i. in order to monitor the stability of
the various mutations. In several cases, tissue from two naturally occurring PSTVd sequence variants. As before,
the stability of individual mutations was monitored byto four plants exhibiting similar symptoms was pooled
before RNA extraction. Although all seven mutants were sequencing cDNAs derived from the right side of PSTVd;
the relative rates of progeny replication/accumulationinfectious (see Table 1), mutations 2 and 3 severely inhib-
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mild during the mid-to-late stages of infection. With the
possible exception of mutant 5*, none of our laboratory-
derived variants appeared to replicate as rapidly as
PSTVd-intermediate (i.e., the wild type). Three laboratory-
derived variants reverted to the wild type during the sec-
ond passage (see Table 1), and the appearance of addi-
tional spontaneous sequence changes among their prog-
eny prevented a more detailed comparison of their rela-
tive rates of replication/accumulation. Of the variants
which reverted to the wild type, only mutant 6 appeared
to replicate particularly slowly.
Effect of temperature on the persistence of mutations
To determine whether (i) the replication of any of our
mutants was actually temperature-sensitive or (ii) a more
controlled temperature regime might enhance mutant
stability, a third bioassay was carried out using highly
infectious RNAs transcribed from linearized, ribozyme-
containing plasmid DNA templates as inocula. Five
PSTVd sequence variants—mutants 2, 3, and 6 plus
PSTVd-intermediate and one apparently nonviable mu-
tant (i.e., A135 r G)—were tested, and the inoculated
seedlings were maintained in growth chambers at either
26 or 367. The choice of these particular temperatures
was guided by earlier studies of Sa¨nger and Ramm
(1975) describing the marked temperature dependence
of PSTVd and CEVd replication. The presence of progeny
in inoculated plants was monitored by periodic dot-blot
hybridization, and leaf tissue was collected from individ-
ual infected plants 3 and 5 weeks p.i. Table 2 presents
the results from PCR-mediated sequence analysis of
progeny isolated from plants maintained at the different
temperatures.
Previous studies had suggested that the highly stabi-
lized mutant containing a single A r G substitution at
position 135 is unable to replicate under greenhouse
conditions (see Owens et al., 1991), and increasing the
assay temperature to 367 did not result in the resumption
of systemic replication. As shown by the data in Table
2, maintaining the other infected plants at 367 favored
neither (i) the retention of a single stabilizing mutation
FIG. 2. Effects of variable domain mutations on the thermal stability
(i.e., mutant 2) nor (ii) the loss of the destabilizing doubleof PSTVd. Samples containing similar amounts of circularized wild-type
mutation at positions 134 and 227. Behavior of mutant 3(arrows) and mutant RNA transcripts were analyzed by TGGE using a
25–657 temperature gradient. (A) A highly stabilized mutant containing was more complex. Although the initial substitution at
a single A r G substitution at position 135. (B, C) Additional mutants position 142 was stably maintained at both 26 and 367,
containing single substitutions at position 222 (mutant 2) or 140 (mutant progeny isolated from individual infected plants con-
4). Note that the C r U substitution at position 140 has no apparent
tained a variety of additional sequence changes. Someeffect on the melting profile of PSTVd. (D) Mutant 6, a double mutant
(but not all) of these spontaneous mutations appearedwhose structure is less stable than that of PSTVd-intermediate.
to restore a small, 2-nt internal loop while shifting it
slightly with respect to its original position.
were also measured by quantitative dot-blot hybridiza-
tion. Effects of spontaneous mutations on PSTVd stability
As shown in Fig. 3, PSTVd-mild accumulated compara- and replication
tively slowly during the early stages of infection (compare
Figs. 3A and 3B). Conversely, titers of the more rapidly In order to better evaluate the structural effects of the
spontaneous changes which appeared in response toreplicating PSTVd-severe and -intermediate variants ap-
peared to decrease more rapidly than those of PSTVd- mutation 3, we synthesized and cloned cDNAs derived
AID VY 7857 / 6a15$$$$21 04-04-96 18:07:21 viral AP: Virology
50 PSTVd REPLICATION
TABLE 1
Compensatory Mutations Associated with Substitutions in the Variable Domain
Progeny
Mutant Substitution(s) Infectivitya First passage Second passage
1 C139 r U 10/10 Intermediate ND
2 A222 r G 8/10b Intermediate ND
3
.
131 A C U 146
GGGG GUG CC GCGG Intermediate
3 A142 r U 6/10b :::: ::: :: :::: (partial reversion)
CUCC CAC GG CGCC
231 C CA U 215
l
Mutant 3*
4
A lGC . A
GGGG GG UC GCGG
4 C140 r U 10/10 Stable:::: :: :: ::::
CUCC-CC GG CGCC
ACC GA
Mutant 4*
l
AA C A
GGG GUG CC GCGG
::: ::: :: ::::5 C226 r U 6/10 Intermediate
CUC UAC GG CGCC
CC CA A
5
Mutant 5*
6
.
A C A
G134 r A GGG AGUG CC GCGG
6 / 10/10 Intermediate::: :::: :: ::::
C227 r U CUC UCAC GG CGCC
C CA A
6
7
A C bG
GGGG GUG CCU CGG
A142 r U :::: ::: ::: :::
7 / 10/10 StableCUCC CAC GGA GCC
C218 r G C CA G
m
7
Note. (m) Initial site-directed substitution; (l) spontaneous mutation. Stable, no further sequence changes detected; ND, not done.
a Data presented as no. infected plants/no. plants inoculated. All plants inoculated with wild-type became infected; i.e., 10/10.
b Systemic infection detectable only 6 weeks p.i.
from each of the four variants shown in Table 2. After able from the wild type by TGGE (data not shown). A
fourth variant (mutant 39) was recovered from plantssequence analysis to ensure the absence of unintended
mutations, these cDNAs were transferred into a specially growing at 267 and contained a spontaneous G r U
mutation at position 143. Comparison of Figs. 4A and 4Cconstructed vector for synthesis of RNA transcripts and
subsequent TGGE analysis (see Fig. 4). shows that this spontaneous mutation, although suffi-
cient to produce a noticeable decrease in PSTVd stabil-Mutant 3* contains a spontaneous A r U change at
position 219, and data presented in Fig. 4B showed its ity, resulted in a molecule that remains more stable than
the wild type. Our final bioassay compared the effects ofstructural properties to be very similar/identical to those
of the wild type. Variants containing spontaneous temperature on the replication of two laboratory-derived
variants—mutant 39 and mutant 4. The structural proper-changes at position 141 or 220 were also indistinguish-
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FIG. 3. Effects of variable domain mutations on accumulation of selected PSTVd sequence variants. Relative concentrations of progeny in individual
leaves were determined (A) 2, (B) 4, and (C) 6 weeks p.i. Mild, Int, and Severe, naturally occcurring variants of PSTVd; 3*. . . 7, laboratory-derived
variants (see Tables 1 and 2). Note the delay in the accumulation of PSTVd-mild early in infection.
ties of mutant 4 are essentially identical to those of the ate, and -severe were very similar in plants growing at
327. Raising the temperature from 22 to 327 also preferen-wild type (see Fig. 2C).
As in the previous assay, groups of 10 seedlings inocu- tially increased the rate of accumulation for mutant 39,
and data presented in Fig. 5H shows that its concentra-lated with mutant RNA transcripts were maintained at a
constant temperature (either 22 or 327) for 6 weeks p.i. tion at 327 was approximately twice that of mutant 4.
At the inoculum concentration used, no evidence wasAdditional groups of seedlings inoculated with the natu-
rally occurring mild, intermediate, or severe strains of obtained for the systematic replication of the mutant con-
taining an A/G substitution at position 135 at either tem-PSTVd were included for purpose of comparison, and
the rate of progeny accumulation in individual leaves perature (results not shown).
Results from the sequence analysis of the progeny arewas monitored by quantitative dot-blot hybridization. The
stability of each mutation was monitored by sequence summarized in Fig. 6. While mutant 39 showed no signs
of further sequence changes (even at 227), mutant 4 wasanalysis of progeny extracted from leaf tissue collected
from individual plants at 3 and 6 weeks p.i. not stably maintained at either temperature. After an ini-
tial period of apparent stability at 327, its C r U substitu-Data presented in Fig. 5 illustrate the effects of temper-
ature on the replication/accumulation of the different tion at position 140 was seen to revert to wild type in
two separate plants. At 227, a series of spontaneousPSTVd variants. Comparison of Figs. 5A and 5C shows
that, 4 weeks p.i., all three naturally occurring strains had U r A r G changes at position 137 began to appear
within 3 weeks p.i. As shown in Fig. 6, the first of thesereached higher concentrations in plants maintained at
227 than either laboratory-derived variant. Concentrations spontaneous changes would be expected to destabilize
PM 3. The subsequent appearance of an A r G substitu-of PSTVd-mild and -intermediate were similar and con-
sistently lower than those of PSTVd-severe. At 327, how- tion at position 137 should help to restabilize PM 3. One
of the two progeny preparations examined already con-ever, all three naturally occurring strains accumulated at
similar rates (see Fig. 5B). Data presented in Fig. 5D tained this ‘‘final’’ change at 3 weeks p.i. (data not shown).
show that raising the temperature from 22 to 327 also
favored accumulation of mutant 39, the structurally more DISCUSSION
stable of the laboratory variants.
Two weeks later, the relative concentrations of the Like all viral and subviral RNAs, PSTVd and other vi-
roids exist in vivo as quasispecies—heterogeneousnaturally occurring PSTVd strains were virtually un-
changed at 227. As shown in Figs. 5E and 5G, concentra- populations of RNA molecules, some of which contain
deleterious or lethal mutations (Visvader and Symons,tions of PSTV-mild and -intermediate were similar and
approximately twice that of either laboratory-derived 1985; Go´ra et al., 1994). Selective mechanisms favoring
the accumulation of specific PSTVd mutants may includevariant. Comparison of Fig. 5E with 5F and 5G with 5H
reveals that, 6 weeks p.i., all variants had reached signifi- direct effects of secondary/tertiary structure on RNA func-
tion, but little is known about how such mechanisms actcantly higher concentrations at 327 than at 227. As ob-
served earlier, concentrations of PSTVd-mild, -intermedi- at the molecular level (Holland et al., 1982; Domingo et
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TABLE 2
Effect of Temperature on the Persistence of Mutations in the Variable Domain
Progeny
Inoculum 267 367
131 . C A 146
GGGGGGUG CC GCGG
:::::::: :: :::: None None
CUCCCCAC GG CGCC
231 CA A 215
A135 r G
A A
GGGG GUG-CCC GCGG
:::: ::: ::: ::::
Intermediate IntermediateCUCC CAC GGG CGCC
C C c A
2
Mutant 2
3
A CC .
GGGG GUG CU-GCGG 3
:::: ::: :: :::: A C l.
CUCC CAC GA CGCC GGGG GUG CUUGCGG
C CA lA :::: ::: :::::::
Mutant 3IV [1] CUCC CAC GGACGCC
3 3 C CA
A C . A C l. Mutant 3III [2]
GGGG GUG CCUGCGG GGGG GUG CUUGCGG
:::: ::: ::::::: :::: ::: ::::::: 3
CUCC CAC GGACGCC CUCC CAC GGACGCC .
C CA C CA A C U
Mutant 3 Mutant 3III [1] GGGG GUG CC GCGG
3l :::: ::: :: ::::
A C .U CUCC CAC GG CGCC
GGGG GUG CCU CGG C CA U
:::: ::: ::: ::: l
CUCC CAC GGA GCC Mutant 3I [1]
C CA C
Mutant 3II [1]
6
.
A C A
GGG AGUG CC GCGG
::: :::: :: :::: Stable StableCUC UCAC GG CGCC
Cm CA A
6
Mutant 6
Note. Numbers of plants containing identical progeny are shown in brackets. (.) Initial site-directed mutations; (l) spontaneous mutations not
present in the inoculum.
al., 1985). Phylogenetic analysis of 25 cucumber mosaic strains of poliovirus, accumulation of neurovirulent mu-
tants depends upon the type and confluence of the cellvirus satellite RNA field isolates suggests that mainte-
nance of secondary structure provides an important con- culture as well as the temperature of virus growth, and
the relative role of selection at the RNA or protein levelstraint on the evolution of this noncoding RNA (Fraile
and GarcıB a-Arenal, 1991). Sequence changes likely to remains to be established (Taffs et al., 1995 and refer-
ences cited therein).disrupt base pairing were significantly more common at
positions believed to be unpaired in the proposed sec- Viroid replication is exquisitely temperature-sensitive.
Tomato plants infected with PSTVd or CEVd and main-ondary structure, and compensatory mutations were
overrepresented at base-paired positions. For attenuated tained at 30–327 contain ⁄300-fold more viroid than
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single A r G substitution at position 135 to resume repli-
cation at 367 indicates that any ability of higher tempera-
ture to compensate for the inhibitory effects of a more
stable secondary structure must be limited. The struc-
tural effects of the other seven mutations examined were
considerably smaller than those associated with this le-
thal substitution, and all were infectious under green-
house conditions. Although most (if not all) of these mu-
tants appeared to replicate more slowly than the wild
type, none exhibited a definite temperature-sensitive
phenotype. Sequence analysis of their progeny revealed
the presence of a variety of spontaneous mutations. Sev-
eral mutations which stabilize PM 1 are known to be
unstable in vivo (Owens et al., 1995); thus, rapid se-
quence changes within PM 3 were not entirely unex-
pected. The effects of assay temperature on the rate of
PSTVd replication and the persistence of selected se-
quence changes were examined more closely in a series
of bioassays carried out under controlled conditions.
FIG. 4. Effects of spontaneous mutations on the thermal stability of
PSTVd. In addition to the initial C r U substitution at position 142, the
progeny arising from mutant 3 also contained one of four spontaneous
mutations (see Table 2). Denaturation profiles of the original single
mutant (A) and two of the four double mutants (B, C) were compared
with that of PSTVd-intermediate. Spontaneous sequence changes in
mutants 3* and 39 are located at positions 219 (A r U) and 143 (C r
U), respectively. Arrows, denaturation profile of PSTVd-intermediate.
those maintained at 18–207 (Sa¨nger and Ramm, 1975),
and differential temperature treatment of PSTVd-infected
tomato seedlings can result in a 100-fold increase in
viroid concentration within 24 hr after a temperature shift
from 11 to 317 (Owens and Diener, 1982). Furthermore,
a requirement for the highly base-paired native structure
to break down and then reform as replication proceeds
is implicit in the rolling circle model for PSTVd replication
proposed by Branch and co-workers (1981, 1988). The
variable domain of PSTVd contains two structural ele-
ments that are necessary for the highly cooperative
breakdown of the native structure observed in vitro; i.e.,
PM 3 as well as sequences required for formation of
FIG. 5. Effect of assay temperature on the accumulation of PSTVdsecondary hairpin II. Our mutational analysis of PM 3
progeny. Infected plants were maintained at either 22 or 327, and datawas designed to clarify how temperature may interact
for PSTVd-mild, -intermediate, and -severe as well as mutants 39 and
with the stability of the native structure to regulate PSTVd 4 are presented. (A–D) Progeny concentrations 4 weeks p.i. (E–H)
replication. Progeny concentrations 6 weeks p.i. Note the slower rate of growth
(i.e., appearance of new leaves) for plants maintained at 327.Failure of the highly stabilized mutant containing a
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FIG. 6. Effect of temperature on the persistence mutations in the variable domain. (Top) Comparison of the secondary structures of mutants 39
and 4 with that of the wild type. (Bottom) Structures of progeny isolated from individual infected plants maintained at 22 or 327. Solid triangles,
initial site-directed mutations; solid diamonds, spontaneous mutations.
Several of the spontaneous sequence changes de- the level at which they may be acting to inhibit PSTVd
replication?tected among the progeny appeared to be compensatory
in nature. A clear example is mutation 3*, an A r U Figure 7 compares the structural effects of several of
our mutations in the context of both the PSTVd plus andchange at position 219 which appeared in response to
mutation 3. As shown in Table 1, the only difference minus strands. While TGGE analysis has shown that the
presence of mutations 3 and 39 stabilizes the familiarbetween the native structure of mutant 3* and that of
PSTVd-intermediate appears to be the substitution of un- rod-like conformation of PSTVd (see Fig. 4), note that a
similar effect also appears likely within the correspond-paired U residues for unpaired A’s in a small internal
loop. Studies with bacteriophage Qb suggest that RNA ing portion of the minus strand. Mutation 4, in contrast,
appears likely to have quite disparate structural effects;replication is critically dependent on the folding patterns
of both the plus and the minus strands (Axelrod et al., i.e., little or no effect on the plus strand versus a destabi-
lizing effect on the minus strand. Interestingly, the puta-1991). In the case of PSTVd, the pattern of spontaneous
sequence changes initiated by mutations which affect tive compensatory effects of mutation 4* are most easily
visualized in the context of the minus strand.the formation of secondary hairpin II led Qu et al. (1993)
to propose that the ability of the (0)RNA to serve as Bioassays carried out at different temperatures re-
vealed an apparent correlation between structural stabil-template for the synthesis of plus strand progeny is criti-
cally dependent on formation of a multihairpin-containing ity and the rate of replication for these two laboratory-
derived variants. At 227, mutants 39 and 4 both accumu-structure. Mutations favoring a rod-like secondary struc-
ture for the (0)RNA were not stably maintained in the lated more slowly than PSTVd-intermediate. Consistent
with the ability of increased temperature to compensateprogeny. Does the pattern of spontaneous changes in-
duced by our mutations provide any insight concerning for a more stable secondary structure, raising the assay
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FIG. 7. Potential structural changes within the plus and minus strands of PSTVd. Lowest free energy structures for selected portions of the
pathogenicity (left) and variable domains (right) are shown. Solid arrows, initial nucleotide substitutions; dashed arrows, spontaneous mutations.
Positions of PM 1 and PM 3 as well as nucleotides involved in formation of secondary hairpin II are indicated by horizontal arrows. The secondary
structure of full-length minus strand PSTVd RNA was described by Hecker et al. (1988).
temperature to 327 preferentially stimulated the replica- of an ‘‘adaptive landscape’’ provides a useful framework
within which to visualize the evolution of viroid popula-tion of the more stable PSTVd variant (i.e., mutant 39).
Because the stabilizing effects of the mutations 3 and 39 tions. In such a three-dimensional landscape, population
biology theory predicts the existence of several ‘‘peaks’’are not limited to the plus strand, the precise location
of the temperature-sensitive step is unclear. of relatively high fitness separated by less adaptive
‘‘ridges’’ or ‘‘valleys.’’ Populations may become isolatedRaising the assay temperature also favored the accu-
mulation of the naturally occurring mild and intermediate on a single fitness peak even if there are other, more
highly adaptive peaks nearby, thereby providing an ex-strains of PSTVd, indicating that this effect of temperature
is not limited to PM 3. Such a result is consistent with planation for the origin and maintenance of different natu-
rally occurring strains. Our data has shown that selectivethe ability of more pathogenic (and less stable) strains of
PSTVd to outcompete less pathogenic (and more stable) pressures generated by the interaction of assay tempera-
ture and structural stability are capable of moving PSTVdstrains during a mixed infection (see Gruner et al., 1995),
but the underlying mechanism appears to be somewhat populations between adaptive peaks. Of particular inter-
est is the number of different evolutionary pathwaysmore complex than that operating within PM 3. To illus-
trate the nature of these possible differences, consider available to ‘‘disabled’’ PSTVd mutants. For those mutants
containing only a single substitution, such a result is allthe properties of the two single nucleotide substitu-
tions—a U r G change at position 43 and a C r U the more remarkable because selective pressures in vivo
appear to strongly favor return to wild-type (or near wild-change at position 311—located in or near PM 1. Al-
though the additional base pair created by either muta- type) stability. The recent demonstration of the infectivity
of ribozyme-derived, precisely full-length ()PSTVd RNAtion is sufficient to raise the Tm of circularized PSTVd
RNA transcripts (see Owens et al., 1995), Fig. 7 shows (see Feldstein et al., 1995) should greatly facilitate stud-
ies of the role of the minus strand in viroid replication.that only the mutation at position 43 is expected to stabi-
lize the minus strand. The most obvious difference be- Provided that a suitable starting sequence can be identi-
fied, it may yet be possible to isolate stable PSTVd vari-tween these two mutations is the consistent appearance
of a spontaneous U r A substitution at position 309 in ants exhibiting a temperature-sensitive phenotype.
the progeny of mutant 311. As shown in Fig. 7, neither
the original C r U mutation nor the subsequent, sponta- ACKNOWLEDGMENTS
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